The histaminergic system is thought to regulate brain reward, but the exact mechanisms are poorly understood. This study aims to reveal the pathophysiological differences in the brain histaminergic system between selectively outbred alcohol-preferring AA and alcohol-avoiding ANA rats by using a combination of biochemical, immunohistochemical, and molecular biological methods. We also want to test the functional significance of the system by using operant ethanol self-administration method. We show that alcohol-preferring AA rats, when compared with alcohol-avoiding ANA rats, display higher levels of brain histamine and its first metabolite as measured by HPLC and mass spectrometry, a higher density of histamineimmunoreactive nerve fibers, and lower H 1 receptor mRNA expression and H 1 and H 3 receptor binding as studied by using in situ hybridization and autoradiography. Two H 3 receptor antagonists, thioperamide and clobenpropit, reduced and an agonist, R-α-methylhistamine, increased operant responding for ethanol by the alcohol-preferring rats, whereas an H 1 receptor ligand, mepyramine, was inefficient. The results indicate that high alcohol preference is correlated with enhanced histaminergic mechanisms, most likely via H 3 receptor-mediated processes. Central histaminergic mechanisms may thus participate also in other addictive behaviors.
, which indicates that the histaminergic TM neurons are implicated in the inhibitory control of reward functions (6) . Furthermore, histamine, via its H 3 heteroreceptors, reduces the release and synthesis of dopamine (7, 8) , which should reduce reward (9) . Therefore, histamine can be expected to strongly reduce reinforcement by natural stimuli and drugs of abuse, and to counteract the effects of the dopaminergic system in reward.
Indeed, histamine has been implicated in the regulation of food intake and water balance. Histamine depletion by α-fluoromethylhistidine (α-FMH) increases feeding and body weight (10, 11) , and icv injections of histamine or H 1 receptor agonist depress feeding behavior (12, 13) . In contrast to the food intake, histamine depletion by α-FMH does not affect water consumption (11) , but H 1 and H 3 receptor agonists evoke a dose-dependent increase in it (14, 15) .
However, there have been no studies on brain histamine system in the central regulation of voluntary ethanol drinking and behavioral effects of ethanol by using well-characterized animal models displaying aberrant reward-related behavior. We therefore undertook this study on alcohol-preferring AA and alcohol-avoiding ANA rats that were developed by selective outbreeding for differences in ethanol drinking behavior (16, 17) . Dopamine release has been shown to be associated with the drinking behavior of alcohol-preferring AA rats (18) , but there is no data concerning the role of histamine.
In this paper, we studied whether brain histamine is involved in regulation of ethanol intake by comparing brain histamine content and metabolism and expression and binding of histamine receptors in alcohol-preferring AA and alcohol-avoiding ANA rat lines. We also examined the influence of histamine H 1 and H 3 receptor ligands on ethanol intake in AA rats, which displayed robust differences in the brain histaminergic system when compared with ANA rats.
MATERIALS AND METHODS

Animals
In this study, we used adult male alcohol-preferring AA (Alko, Alcohol) and alcohol-avoiding ANA (Alko, Non-Alcohol) rats (350-500 g) of F 72 -77 generations. These rats were produced by selective outbreeding for differences in voluntary ethanol consumption (16) . During selection, heterozygosity has been successfully maintained in the lines, as revealed by a recent analysis showing that about 40% of all rat microsatellites are heterozygous for AA and/or ANA rats. Sprague-Dawley (SD) rats (350-400 g) were also used as a nonselected reference strain to see whether the selected rat lines differed in histamine level from a commonly used rat strain. Only ethanol-naive animals were used in neurochemical assays. All animals were tested or killed during the light phase between 6:00 a.m. and 6:00 p.m., using experimental procedures that were approved by the Institutional Animal Care and Use Committee.
Histamine concentration
The brains of 10 AA, 10 ANA, and 5 SD rats were rapidly taken out after decapitation of the rats, and dissected into 10 regions (frontal cortex, striatum containing nucleus accumbens, septum containing preoptic area, hypothalamus, hippocampus, thalamus, midbrain, cerebellum, pons and medulla). Weighed samples were homogenized in 10 volumes of ice-cold 2% (v/v) perchloric acid (PCA) and centrifuged at 15,000 g for 15 min. Histamine concentrations were measured from the supernatant by HPLC with cation-exchange separation, post-column derivatization, and fluorescence detection (19) . The concentrations are given as picomoles per gram tissue wet weight. Statistical differences between the three strains for each brain region were analyzed by one-way ANOVA with Bonferroni post-hoc test for multiple comparison.
Tele-methylhistamine concentration
The brains of 5 AA and ANA rats were dissected into 10 regions. Weighed samples were homogenized in 10 volumes of 2% PCA and ultracentrifuged at 100,000 g for 30 min. Telemethylhistamine concentrations (pmol/g tissue wet weight) were measured by gas chromatography/mass spectrometry (20, 21) . One-way ANOVA and Bonferroni post-hoc test was used in statistical analysis.
Histamine immunohistochemistry
Five AA and ANA rats were perfused transcardially under pentobarbital anesthesia (60 mg/kg) with 0.01 M sodium phosphate buffered saline pH 7.4 (PBS) at room temperature followed by ice-cold 4% 1-ethyl-3-(3-dimethylaminoprophyl)carbodiimide (EDAC; Sigma, St. Louis, Mo.) diluted in 0.1 M sodium phosphate buffer pH 7.4 (PB). The brains were removed, postfixed at 4°C in the same fixative for 96 h and in 2% paraformaldehyde (PFA) in PB for 24 h, and transferred to 20% sucrose in PB for 48 h. Brains were frozen, cut, and stored as described earlier (22) . After washing twice for 10 min with PBS, the sections were treated with methanol containing 0.3% H 2 O 2 for 30 min at room temperature. Incubations with rabbit antiserum against histamine (3, 23) diluted 1/250,000 in PBS containing 0.25% Triton-X-100 (PBS-T) and 2% normal goat serum (NGS) were carried out at 4°C for 48 h. Before and after incubations the sections were washed twice with PBS-T at room temperature. Immunoreactivity was visualized by using the immunoperoxidase procedure and the Vectastain Elite Kit (Vector, Burlingame, Calif.). The sections were first incubated at room temperature for 2 h with biotinylated goat antirabbit IgG diluted 1/500 in PBS-T containing 2% NGS and after that with an avidin/biotin solution, both reagents diluted 1/500 for 2 h. After a washing with 0.05 M Tris-HCl pH 7.6, the peroxidase activity was visualized with a solution containing 250 µg/ml diaminobenzidine (DAB), 0.3% NiSO 4 and 0.01% H 2 O 2 in 0.05M Tris-HCl. The reaction was terminated with several rinses in distilled water. The sections were dried overnight under hood, coverslipped with Permount (Fisher Scientific, Fair Lawn, N.J.), and examined with a Nikon light microscope (Nippon Kogaku K.K., Tokyo, Japan) equipped with a Hamamatsu CCD camera (Hamamatsu Photonics K. K., Hamamatsu-City, Japan). The specificity of the reactions has been tested with preincubation of the antiserum with a histamine-protein conjugate (3, 23) and replacement of the antiserum by normal rabbit serum.
In situ hybridizations
The brains of 10 AA and 10 ANA rats were removed after decapitation, frozen, cut at 18 µm thickness and stored as described earlier (22) . The sections were collected in series, and adjacent sections were used for HDC, H 1 receptor, and H 2 receptor in situ hybridizations and for H 1 receptor and H 3 receptor binding studies. The HDC and H 1 receptor oligonucleotide probes used in in situ hybridization studies and the procedure with proper controls have been published earlier (22) . H 2 receptor mRNA was detected with an antisense H 2 receptor cRNA probe against the whole coding region and with a corresponding sense cRNA probe as a negative control (24) . The procedure used for in situ hybridization with riboprobes has been described before (24 (25, 26) . Tissue sections were incubated with 5 nM [
3 H]mepyramine in 50 mM Na 2 /K-phosphate buffer pH 7.5 for 45 min at room temperature. The slides were dipped into ice-cold buffer, washed with ice-cold buffer 4 × 2 min, dipped into ice-cold water and rapidly dried. Nonspecific binding was defined as that which remains in the presence of 2 µM triprolidine (Sigma). Histamine H 3 receptors were labeled with 4 nM
]NAMH; NET1027, 81.5 Ci/mmol, NEN Life Science Products) in 150 mM Na 2 /K-phosphate buffer pH 7.5 containing 2 mM MgCl 2 and 100 µM dithiotreitol for 45 min at room temperature (27) . The slides were dipped into ice-cold buffer, washed with ice-cold buffer 4 × 30 s, dipped into icecold water and rapidly dried. Nonspecific binding was detected in the presence of 5 µM clobenprobit (provided by R. Leurs 
Image Analysis
Films were quantified by digitizing the film images with a computer-based MCID image analysis system (Imaging Research, St. Catherines, Ontario, Canada) to enable measuring of pixel values of different brain areas. The integrated optical density values were measured from in situ hybridization or autoradiographic binding films based on a standard curve derived from the 14 Corpressing, we trained the rats on a concurrent FR1:FR1 schedule in which each press at one lever resulted in delivery of ethanol (5%)/saccharin (0.2%) solution; responses at the other lever produced an equal volume of water. During subsequent training sessions, the concentration of ethanol was gradually raised to 10% (w/v), and the concentration of saccharin was decreased concomitantly until saccharin was completely eliminated from the drinking solution. Drug pretreatment testing began following establishment of stable baseline ethanol responding (three consecutive sessions with less than 20% variation in the number of responses for ethanol). The effects of brain-penetrating H 3 receptor antagonists clobenpropit and thioperamide (28, 29 ; both provided by R. Leurs and H. Timmerman), a brain-penetrating H 3 receptor agonist R-α-methylhistamine (30; RBI Research Biomedicals International, Natick, Mass.) and a brainpenetrating H 1 receptor antagonist mepyramine (31, 32; Sigma) on ethanol self-administration were examined in a between-session, within-subject Latin square design. An H 1 receptor agonist that crosses the blood-brain barrier after peripheral administration is not available. All drugs were dissolved in saline and administered intraperitoneally (ip, 1 ml/kg) 30 min before ethanol self-administration sessions. Only one drug dose was tested weekly, and each subject had to show a reliable baseline before receiving any new drug injections. Ethanol consumption during the 30 min sessions is expressed as g/kg/30 min and was analyzed by one-way ANOVA with repeated measures on drug dose, followed by Bonferroni post-hoc comparisons.
RESULTS
High brain concentrations of histamine and its metabolite in alcohol-preferring rats
HPLC analysis comparing alcohol-preferring AA rats with alcohol-avoiding ANA and nonselected SD rats revealed a more than twofold higher histamine concentration both in the hypothalamus and septum, which contains the preoptic area. Histamine concentration was also found to be significantly higher in the frontal cortex, hippocampus, and midbrain of AA rats (Table 1 ). In the thalamus, histamine content was highest in the SD strain, but there were also more histamine-containing mast cells (data not shown) than in AA and ANA rat lines. These results demonstrate clearly elevated histamine concentrations in the brain of AA rats.
In addition to higher histamine concentrations, gas chromatographic/mass spectrometric analysis revealed significantly higher tele-methylhistamine concentrations in the frontal cortex, hypothalamus, and hippocampus of AA rats as compared with ANA rats (Table 1 ). This result suggests that the high histamine levels of the AA rats are associated with elevated brain histamine release and turnover.
High density of histaminergic nerve fibers, but no change in TM neurons in alcohol-preferring AA rats
Although the histamine concentrations were higher in AA rats compared with ANA rats, no difference was found in the mRNA expression level of L-histidine decarboxylase (HDC), the enzyme that catalyzes histamine synthesis, in the hypothalamic TM nuclei of these two rat lines (Fig. 1) . All detectable HDC expression in brains of AA and ANA rats was limited to the TM. Histamine-immunoreactive cell bodies were found only in the TM area, and not in any other location of the brain (data not shown). Neither the intensity of histamine staining nor the number of TM neurons or the number of mast cells in the thalamus or median eminence revealed any differences between the AA and ANA rat lines (data not shown). However, histamineimmunoreactive nerve fibers displayed a significantly higher density in AA rats (Fig. 2) . The fiber density in AA rats as compared with ANA rats was clearly higher in the septal region (Figs.  2a, b, c, d ), nucleus accumbens (Figs. 2e, f) , and preoptic area (Figs. 2g, h ). The increased fiber density was also seen in the anterior hypothalamus (Figs. 2g, h) , fimbriae of the hippocampus, motor cortex, and paraventricular area of the thalamus (data not shown).
Low histamine H 1 and H 3 receptor densities in alcohol-preferring rats
To find out whether the concentration changes in the histaminergic system were associated with altered histamine receptor expression or binding, we performed in situ hybridization with H 1 and H 2 receptor probes (Fig. 3 ) and autoradiographic binding studies with H 1 and H 3 receptor ligands (Fig. 4 ).
The overall expression of H 1 receptor mRNA as revealed by in situ hybridization was slightly lower in AA rats as compared with ANA rats (Fig. 3a) . The mRNA expression was 12%-22% lower in AA rats as compared with ANA rats in the primary motor cortex, septal and preoptic regions, hippocampus, and amygdaloid complex. No significant differences were detected in the other brain areas (e.g., nucleus accumbens, thalamus, and anterior hypothalamus), where AA rats displayed increased histaminergic fiber density, or in the posterior hypothalamus containing TM neurons. Differences in H 1 receptor mRNA evaluated by Northern analysis were not significant between the two lines (data not shown). The differences seen in H 1 receptor mRNA expression were only partly associated with the corresponding differences in H 1 receptor binding (Fig. 4a) .
Measurements from film images of [
3 H]mepyramine binding in AA and ANA rat brain sections revealed 15% lower levels of H 1 receptor binding in the primary motor cortex and hippocampus of AA rats.
In situ hybridization studies with H 2 receptor probe revealed no differences between any brain areas of AA or ANA rats (Fig. 3b) . Currently, a working radioligand that detects H 2 receptor binding in rat brain is not available.
The autoinhibitory H 3 receptor that controls histamine synthesis and release and regulates, as a heteroreceptor, the release of monoamines and GABA is potentially important in addictive behavior. Measurements from film images of [ 3 H]NAMH binding in AA and ANA rat brain sections revealed lower levels of H 3 receptor binding in many brain areas of AA animals (Fig.  4b) , which also had higher histamine and tele-methylhistamine levels. The binding to H 3 receptors was 13%-35% lower in the primary motor and insular cortex, accumbal region, and hippocampus of AA rats. No significant differences were detected in the other brain areas (e.g., septum, preoptic area, hypothalamus, and thalamus) despite changes in the histamine levels. In addition, no differences were seen in the striatum, substantia nigra, or TM region.
H 3 receptor ligands modulate ethanol self-administration of alcohol-preferring rats
Because our findings on the neurochemistry of the histaminergic system in AA and ANA rats were unexpected because they suggest higher histaminergic activity in the alcohol-preferring rats, we wanted to test directly the effects of H 1 and H 3 receptor ligands on ethanol selfadministration of AA rats. (Fig. 5 ). An H 1 receptor antagonist, mepyramine, did not significantly change ethanol self-administration in AA rats (Fig. 5a ). H 1 receptor agonists that penetrate the blood brain barrier are not available currently. In contrast to mepyramine, ligands for H 3 receptor modulated ethanol self-administration in a bi-directional manner in AA rats. More specifically, both H 3 receptor antagonists, thioperamide (Fig. 5b) and clobenpropit (Fig. 5c) , dosedependently and significantly suppressed ethanol consumption, whereas an H 3 receptor agonist, R-α-methylhistamine (Fig. 5d) , significantly increased ethanol intake. Examination of individual response patterns after H 3 receptor antagonist injection revealed that the antagonists did not alter the typically high rates of responding at the beginning of the session but decreased ethanol intake later during the session. Contrary to ethanol drinking, water intake during the sessions was not altered by any of the ligands used (data not shown).
DISCUSSION
We found high brain histamine levels in alcohol-preferring AA rats and the efficient bidirectional modulation of operant responding for ethanol solution by histamine H 3 receptor ligands in these rats. These data suggest a correlation between the enhanced function of histaminergic system and the genetic predisposition to high alcohol preference.
When compared with alcohol-avoiding ANA and heterogenous SD rats, alcohol-preferring AA rats revealed a significantly higher neuronal histamine concentration and higher density of histamine-ir fibers in areas that are also known to participate in the circuitry of the reinforcing actions of ethanol. Normally, no significant interstrain differences in the brain neuronal histamine levels have been observed between different rat strains (34). Histamine does not cross the blood-brain barrier in physiological conditions and must be formed locally (35, 36) . There were no changes in the mRNA expression level of the enzyme HDC that catalyses the synthesis of histamine from its precursor L-histidine. The levels of L-histidine or HDC activity were not measured here. Because HDC is not saturated by the endogenous levels of its substrate, Lhistidine (37), increased HDC activity could explain the increase in histamine concentrations found in AA rats. Histamine can be also formed from L-histidine by aromatic L-amino acid decarboxylase (AADC) if the concentration of the precursor L-histidine is high enough (38, 39) . Consequently, it is possible that more histamine is formed in AA rats. because of their higher activity of brain AADC compared with ANA rats (40) . This possibility is unlikely, because no histamine-immunoreactivity was detected in the AADC-expressing dopaminergic, serotonergic, and noradrenergic neurons in the rat brain (23) .
Histaminergic neurons lack a high-affinity histamine re-uptake system (41, 42) . In the brain, histamine is catabolized extraneuronally to tele-methylhistamine in a reaction that is catalyzed by histamine N-methyltransferase (43) . In AA rats the tele-methylhistamine concentrations were significantly elevated in several brain regions. The possibility that tele-methylhistamine concentrations were increased because of lowered enzymatic activities of monoamine oxidase B (MAO B) or aldehyde dehydrogenase (ALDH) more downstream in the catalytic pathway of histamine is unlikely. No difference in MAO B activity is found in brain homogenates between the two rat lines (40) , and the whole brain ALDH activity does not differ significantly either (44) .
Because of the extraneuronal methylation of histamine, the level of tele-methylhistamine reflects the amount of released histamine and histamine turnover (45) , and, therefore, our results suggest that AA rats have an increase in histamine release in many brain areas. Normally, activation of H 3 autoreceptors at the presynaptic nerve terminals of the histaminergic neurons by high histamine release will decrease the histamine synthesis and release. The autoradiographic ligand binding to H 3 receptors revealed no differences in the reward-inhibiting hypothalamic histaminergic TM neurons, but the levels were significantly lower in the cortex, nucleus accumbens, and hippocampus of AA rats. This difference in H 3 receptors (or a possible isoform of it; 46) in AA rats suggests an inability of H 3 autoreceptors to exercise normal control of histamine synthesis and release. It has been shown that when the H 3 autoreceptor is blocked with an antagonist, thioperamide, histamine is released presynaptically and HDC activity is increased (47) . Therefore, HDC activity may also be increased in AA rats because of the higher histamine content and decreased H 3 receptor binding suggesting reduced autoreceptor function. Further studies are needed to clarify the role of possible molecular isoforms of H 3 receptors in the regulation of histamine synthesis and release in AA rats, as well as possible differences in HDC enzyme, including mutations in the respective genes.
Because AA rats consume ethanol and other drugs of abuse more readily than ANA rats (16, 17) , it is possible that the control of limbic dopamine functions or the inhibition of possible dopamine-independent reward by histamine are abnormal in the AA rats or that other features of the histaminergic system fail to function normally in AA rats. To test directly whether histaminergic receptor subtypes are involved in the increased alcohol preference of AA rats, we used operant self-administration methods and histamine receptor agonists and antagonists. The H 3 agonist at higher doses increased ethanol drinking, and H 3 antagonists in a dose-dependent manner decreased it. This finding might suggest that the H 3 receptor-mediated histaminergic mechanisms are important in the regulation of ethanol drinking. This result also indicates that the H 3 receptor, as a heteroreceptor, is active in AA rats in regulating the drinking response, although it might be inactive, as an autoreceptor, in controlling histamine levels. The mechanism of this effect is not known, but a simple direct mediation via altered dopamine release in the limbic areas is unlikely, because the behavioral effects should then be opposite. However, the combined effect of the H 3 blocking agents and ethanol on dopamine release may explain the results. Low doses of ethanol increased dopamine release in the nucleus accumbens of freely moving rats without an effect on striatal release in one study (48) . Large ethanol doses decreased dopamine release in the nucleus accumbens but increased release in the striatum (48) . However, other studies have revealed a dose-dependent increase of dopamine release in the nucleus accumbens (49, 50) . Under normal conditions, histamine inhibits dopamine release via H 3 heteroreceptors in the striatum (51) . The high histamine release and action through H 3 heteroreceptors may be responsible for the lower basal dopamine release in the caudate putamen and/or nucleus accumbens of AA rats (52) . This low basal dopamine release may play a role in the high alcohol-preference of AA rats (52) . As both H 3 receptor blocking and ethanol intake increase dopamine release, the maximum reward-inducing level may be reached at the highest H 3 receptor-blocker doses used in our drinking experiments. It is possible that ethanol failed to induce any more dopamine release in the presence of H 3 receptor blocker, AA rats reached satiety for ethanol sooner and the responding was strongly reduced at later phases of the sessions. Thus, increasing doses of H 3 receptor-blocking drugs may increase dopamine release, which apparently coincided with decrease in ethanol drinking of AA rats. It is also possible that the blockade of H 3 heteroreceptors increases GABA release (53) , which alteration is also associated with reduced ethanol acceptance in AA rats (54, 55) . However, due to effects of H 3 receptorblocking agents on multiple transmitters, the detailed circuitry and mechanism of action on ethanol responding remain to be elucidated. Because the baseline levels of water consumption in this study were very low, it is difficult to conclude that the response-suppressive effects of the H 3 receptor ligands would be specific for ethanol.
In addition to the action of histamine through H 3 receptors, H 1 receptors are involved in the reinforcing mechanism. The lower levels of H 1 receptor after in situ hybridization and ligand binding in alcohol-preferring AA rats agree with the earlier findings that H 1 antagonism indicates a drug action with positive reward (56, 57) . This receptor alteration may be secondary to the high histamine levels and release. However, the H 1 receptor ligand mepyramine failed to affect ethanol drinking in our study, but the role of H 1 receptors can be fully evaluated only after future studies with other experimental designs. film images from in situ hybridization studies of (A) H 1 and (B) H 2 receptors. Arrowheads indicate the areas with differences in H 1 receptor mRNA expression between AA and ANA rats, whereas H 2 receptor mRNA expression reveals no differences. Bregma 0.20 mm for the septal level and -3.30 mm for the hippocampal level (33) . The lower panels reveal quantification of in situ hybridization signals of H 1 (left) and H 2 (right) receptors in ANA and AA rat brains measured from autoradiographic films by computer-based image analysis. The values from the dentate gyrus (DG) of ANA rats were set as 100% for both receptors separately. The bar charts show the mean SE. M1, primary motor cortex; LSD, dorsal part of the lateral septum; CA1, field CA1 of the hippocampus; CA3, field CA3 of the hippocampus; Py CA1 or CA3, pyramidal layer of CA1 or CA3; DG, dentate gyrus of the hippocampus; Gr DG, granular layer of DG. Scale bars, 1 mm. *P < 0.05; **P < 0.01; ***P < 0.001. Fig. 3) . Arrowheads indicate the areas with differences in binding between AA and ANA rats. The lower panels reveal quantification of binding signals of H 1 (left) and H 3 (right) receptors in AA and ANA rat brains measured from autoradiographic films by computer-based image analysis. The values from the dentate gyrus (DG) of ANA rats were set as 100% for both receptors separately. The bar charts show the mean SE. Py, Rad, and LMol CA1 or CA3, pyramidal, radial and lacunosum molecular layers of field CA1 or CA3 of the hippocampus, respectively; Gr and Mol DG, granular and molecular layers of dentate gyrus of the hippocampus, respectively. Scale bars, 1 mm. *P < 0.05; **P < 0.01; ***P < 0.001. 
